The endocannabinoid (EC) system has been implicated in the pathogenesis of diabetic nephropathy (DN). We investigated the effects of peripheral blockade of the cannabinoid CB 1 receptor as an add-on treatment to ACE-inhibition in type 1 diabetic mice (DM) with established albuminuria.
Introduction
Diabetic nephropathy (DN) is the leading cause of end-stage renal failure in the Western World and increases the risk of cardiovascular morbidity and mortality in subjects with diabetes (IDF Diabetes Atlas, 2017) . Both glycaemic control and inhibition of the renin angiotensin system (RAS) with either ACE inhibitors (ACE-I) or angiotensin II type 1 (AT 1 ) receptor blockers are established treatments for diabetic kidney disease (Fineberg et al., 2013) . Despite proven efficacy of these therapies, they are insufficient to completely arrest the progression of the disease and there is, thus, the need to identify additional therapeutic tools.
DN is characterized by increased glomerular permeability to proteins and the accumulation of extracellular matrix components in the mesangium, resulting in albuminuria and a progressive decline in renal function (Forbes and Cooper, 2013; Tuttle et al., 2014) . Podocytes are components of the glomerular filtration barrier and the slit diaphragm, a junction connecting neighbouring podocytes, is considered the major restriction site to protein filtration. Loss of slit diaphragm proteins, such as nephrin and podocin, plays a key role in the pathogenesis of albuminuria in diabetes (Huh et al., 2002; Nagata, 2016) . In addition, low-grade inflammation occurs in the diabetic glomeruli and is believed to amplify the glomerular injury (Barutta et al., 2015; Wada and Makino, 2016) .
Recent studies in experimental diabetes have demonstrated that a full endocannabinoid system (ECS) is present in the kidney and that, beyond worsening metabolism, a malfunction of the ECS plays a direct role in the pathogenesis of DN (Janiak et al., 2007; Barutta et al., 2010 Barutta et al., , 2011 Barutta et al., , 2014 Russell et al., 2010; Tam et al., 2010; Lim et al., 2011; Nam et al., 2012; Jourdan et al., 2014; Lecru et al., 2015; Gruden et al., 2016; Zoja et al., 2016) . The ECS comprises two endogenous cannabinoids, anandamide (AEA) and 2-arachidonoylglycerol (2-AG), the enzymes that regulate their production and degradation, and two GPCRs, cannabinoid type 1 (CB 1 ) and CB 2 receptors, through which they signal. In both animals and humans with diabetes, CB 1 receptors are overexpressed in the diabetic glomeruli, predominantly by podocytes (Barutta et al., 2010; Jourdan et al., 2014; Lecru et al., 2015) . Enhanced CB 1 receptor signalling has both prosclerotic and inflammatory effects, and studies in various animal models of diabetes have demonstrated that both genetic and pharmacological deletion of the CB 1 receptor can ameliorate proteinuria and glomerulosclerosis (Janiak et al., 2007; Barutta et al., 2010; Nam et al., 2012; Jourdan et al., 2014) .
Although the use of pharmacological compounds that induce global CB 1 receptor blockade is not a viable therapeutic option in humans because of their unwanted central side effects, peripherally-restricted CB 1 receptor antagonists, which poorly cross the blood-brain barrier, have recently been developed. These compounds are devoid of psychoactive effects, but they appear to retain the beneficial effects of peripheral CB 1 receptor antagonism. Indeed, two peripherallyrestricted CB 1 receptor blockers, AM6545 and JD5037, have recently been shown to ameliorate DN in animals, raising the hope that CB 1 receptor antagonism may represent a potential new tool for the treatment of DN (Jourdan et al., 2014; Barutta et al., 2017) .
Multiple levels of interaction between the ECS and RAS have been reported in various cell types. Angiotensin II (Ang-II) can induce both CB 1 receptor expression and the release of EC. Moreover, heterodimers can form between the AT 1 and CB 1 receptor (Rozenfeld et al., 2011; Jourdan et al., 2014) . Whether the combination of peripheral CB 1 receptor blockade and RAS inhibition would result in additional benefit in DN is as yet unclear, and this is a highly relevant question in view of potential future studies of CB 1 receptor antagonists in humans.
Therefore, in the present study we investigated the effects of the peripherally-restricted CB 1 receptor antagonist AM6545 as an add-on treatment to the ACE-I perindopril in type 1 diabetic mice (DM) with established albuminuria to assess if the combined treatment has an enhanced efficacy.
Methods

Animals and induction of diabetes
Male C57BL6/J mice from Jackson Laboratories (Bar Harbor, ME, USA) were maintained on a normal diet under standard animal housing conditions. Both housing and care of laboratory animals were in accordance with Italian law (D.L.116/ 1992), and the study was approved by the Ethical Committee of the University of Turin. Diabetes was induced in mice, aged 8 weeks, by an i.p. injection of streptozotocin (STZ) dissolved in citrate buffer pH 4.5 (55 mg·kg À1 body wt·day À1 ) and delivered in five consecutive daily doses on sedated animals. Mice sham-injected with sodium citrate buffer were used as controls. Diabetes onset was confirmed by blood glucose levels >2.50 mg·mL À1 4 weeks after the first dose of STZ (success rate 95%).
Experimental protocol
Treatments began at 8 weeks after diabetes onset, when early DN is established, and continued for 14 weeks. Diabetic (DM) animals were allocated to treatment with vehicle, perindopril, AM6545 or both (six mice per group). Control [non-diabetic (ND)] animals were treated with vehicle or perindopril plus AM6545 (six mice per group). Perindopril was dissolved in distilled water and given by gavage at dose of 2 mg·kg À1 . AM6545 was administered daily at the dosage of 10 mg·kg À1 . Although AM6545 can be given p.o., i.p. administration was employed to ensure that mice were receiving the established drug dose. Doses were chosen on the basis of previous studies that have proven both their efficacy and selectivity in mice (Barutta et al., 2017) . All animals underwent both oral gavages and i.p. injections of either vehicles (watermixture 18:1:1 of saline/emulphor-620/DMSO) or active drugs dissolved in vehicle. After 14 weeks of treatment, mice were anesthetized using flurane and then killed by decapitation. The kidneys were rapidly dissected and weighed. The right kidney was frozen in N 2 and stored at À80°C for both mRNA and protein analysis. Half of the left kidney was fixed in 10% PBS-formalin then paraffin-embedded for light microscopy; the remaining tissue was embedded in optimal cutting temperature compound and snap-frozen in N 2 .
Metabolic and physiological parameters
Systolic BP was assessed by tail-cuff plethysmography (failure rate <5%) in pre-warmed un-anaesthetized animals, which were acclimatized to the procedure for at least five consecutive days prior to measurements. Glucose levels were measured using a glucometer (Accu-chek; Roche Applied Science) on a drop of blood taken from 4 h fasted animals the day prior to them being killed. At the time of death, blood samples were taken via a saphenous vein puncture on sedated mice for glycated haemoglobin and serum creatinine measurements by quantitative immunoturbidimetric latex determination (Sentinel Diagnostic, Milan, Italy) and HPLC respectively. Urine was collected over 18 h, with each mouse individually housed in a metabolic cage and provided with food and water ad libitum. Urine collections were performed before treatment and at the end of the study. Urinary albumin concentration was measured by a mouse albumin ELISA kit (Bethyl Laboratories, USA). Urinary glucose was measured by the glucose-oxidase method using a CS-400 autochemistry analyser. Creatinine clearance was calculated from serum and urine creatinine concentrations, as determined by HPLC according to ADMCC guidelines (Dunn et al., 2004) .
Histological analysis
Paraffin-embedded tissue sections were stained using Periodic acid-Schiff (PAS) staining. The mesangial area was analysed (percentage of glomerular area) from digital pictures of 15 glomeruli per kidney per animal using Axiovision 4.7 software. Glomerular collagen was assessed by picrosirius red staining and the % area of staining quantified by a computer-aided image analysis system (Axiovision-software), whereby 15 glomeruli for each section were analysed. Evaluations were performed in a blinded fashion by two investigators.
mRNA analysis
Total RNA was extracted from the renal cortex using the TRIzol reagent (Invitrogen, Milan, Italy ). Because housekeeping genes ubiquitously expressed in the renal cortex do not control for variations in the glomerular number per specimen or changes in podocyte number, WT-1, a podocyte-specific gene, was used as endogenous reference for the evaluation of nephrin and podocin expression.
Immunofluorescence
Sections were fixed in cold acetone for 5 min and blocked in 3% BSA. Subsequently, sections were incubated for an hour with primary antibodies directed against Anti-Nephrin (AB_1542487), Anti-Podocin (AB_261982) and Anti-Fibronectin (AB_476976). Following washing, FITC-conjugated donkey anti-guinea pig (Santa Cruz, Glostrup, Denmark) and swine-anti rabbit (DAKO, Glostrup, Denmark) secondary antibodies were added. Sections were examined using an Olympus epifluorescence microscope (Olympus Bx4I), digitized with a high-resolution camera (Carl Zeiss, Oberkochen, Germany) and quantitated using image analysis software (Axiovision 4.7, Zeiss). Results were calculated as percentage positively stained tissue within the glomerular tuft. On average, 20 randomly selected hilar glomerular tuft cross sections were assessed per mouse.
Double immunofluorescence
After being blocked in avidin-biotin, sections were incubated overnight with an anti-CB 1 receptor antibody, followed by incubation with a biotinylated swine anti-rabbit IgG antibody (DAKO, Glostrup, Denmark) and fluorescein isothiocyanateconjugated streptavidin (Invitrogen, Milan, Italy) . Sections were then exposed to an anti-MAC-2 antibody for 1 h, followed by incubation with Alexa 555-conjugated donkey anti-rat antibody (Invitrogen, Milan, Italy).
Immunohistochemistry
Staining for F4/80 was performed on frozen sections. CB 1 and CB 2 receptor, MAC-2 and p57 expression was detected on 4 μm paraffin sections of formalin-fixed tissue. After antigen retrieval in citrate buffer or fixation in acetone for 10 min, sections were exposed to H 2 O 2 to eliminate endogenous peroxidase activity and blocked with avidin-biotin and BSA. The kidney sections were then incubated overnight at 4°C with primary antibodies against Anti-CB 1 -receptors (AB_10098690), Anti-CB 2 -receptors (AB_10079370), Anti-MAC2 (AB_10060357), Anti-P57 (AB_2078155) and Anti-F4/80 (AB_2098196). The sections were washed with PBS and exposed to secondary antibody, HRP-labelled donkey anti-rat IgG (Jackson ImmunoResearch Laboratories, West Grove, USA) or HRP-labelled swine antirabbit IgG (DAKO, Glostrup, Denmark) for 1 h, followed by streptavidin-HRP for 1 h. Diaminobenzidine was used as a chromogen. Results are expressed either as the number of positive cells or as percentage area of positive staining per glomerulus. Evaluations were performed by two investigators in a blinded fashion.
Immunoblotting
Renal cortex specimens were lysed in RIPA buffer, containing 0.5% NP40 (v ), 10 mmol·L À1 EDTA and proteases inhibitors. Protein extracts were obtained by centrifugation at 14 000× g for 20 min at 4°C, preceded by a 45 min incubation period on ice. Total protein concentration was determined using the DC Protein Assay Kit (Bio-Rad, Milan, Italy). Proteins were separated by SDS-PAGE and electrotransferred to nitrocellulose membrane. Following blocking in 5% non-fat milk in TBS (pH 7.6), membranes were incubated overnight with primary antibodies directed against nephrin, podocin and Anti-AT 1 -receptors (AB_2305402) overnight at 4°C. After being washed, secondary HRP-linked antibodies (Santa Cruz) were added for 1 h. Detection was performed using either the ECL chemiluminescence substrate (GE Healthcare, Milan, Italy) or SuperSignal west pico (Euroclone, Milan, Italy) and visualized on a Gel-Doc system (Bio-Rad). Band intensities were quantified by densitometry. Tubulin was used as internal control.
ELISA
Levels of TNF-α, ICAM-1 and MCP-1 were measured in renal tissue homogenates by commercially available ELISA following the manufacturer's instructions: mouse TNF-α ELISA kit (MyBiosource, San Diego, CA, USA), mouse MCP-1/CCL2 ELISA kit (R&D System, Oxon, UK) and mouse ICAM-1/CD54 Quantikine ELISA kit (R&D System). Levels of cytokines in renal tissue were normalized to total protein concentrations.
Podocyte apoptosis
Apoptosis was assessed by the TUNEL method using the ApopTag In Situ Apoptosis Detection Kit (Millipore, Billerica, MA). Results are expressed as the number of positive cells per glomerulus counted in at least 20 randomly selected glomeruli. Slides pretreated with 20 000 units·mL À1 of DNase were used as a positive control.
Extraction and quantification of endocannabinoids and EC-related molecules
Frozen kidney tissue samples from ND (n = 5) and DM treated with either AM6545, ACE-I or both (n = 4 per group) were homogenized in chloroform/methanol/Tris-HCl 50 mM pH 7.4 (2 of wet tissue weight. The concentrations of 2-AG were obtained by adding the amounts of the 2-isomer to those of the 1(3)-isomer, which mostly originates from the isomerization of the former during work-up.
In vitro experiments
Podocytes. Conditionally immortalized human podocytes were cultured as previously described (Saleem et al., 2002) . After differentiation and serum deprivation for 24 h, podocytes were exposed to retinoic acid (RA 1 μmol·L À1 ) for 24 h either in the presence or absence of the selective CB 1 receptor agonist ACEA (1 μmol·L À1 ). Appropriate dilutions of DMSO were used as controls.
Raw264.7 macrophage cell line. Cells were cultured in DMEM, supplemented with 10% FBS. After 24 h of serumstarvation, cells were treated with WIN55,212-2/vehicle (1 μmol·L À1 ) for 18 h either in the presence or in the
followed by incubation with IL-4 (5 ng·mL À1 ; Thermo Scientific) for 6 h. At the end of the experimental period, total RNA was extracted and arginase-1 mRNA levels measured by real-time PCR. GAPDH was used as an internal control.
Data presentation and statistical analysis
Data are presented as mean ± SEM, geometric mean (25th-75-th percentile), or fold change over control as appropriate. Results were analysed by ANOVA. Data with a non-parametric distribution [albumin excretion rate (AER), percentages] were log-transformed prior to analyses. The LDS test was used for post hoc comparisons. Values for P < 0.05 were considered statistically significant.
Materials
All materials were purchased from Sigma-Aldrich (St Louis, USA) unless otherwise stated. Details of the antibodies used in the study are reported in the Supporting Information Table S1 . (Cluny et al., 2010) , was kindly provided by V.K. Vemuri. The compound was dissolved in DMSO, stored at À20°C and diluted in 18:1:1 ratio of saline/emulphor-620/DMSO immediately prior to use. WIN55,212-2, ACEA and AM630 were purchased from Cayman (Ann Arbor, MI, USA) and dissolved in DMSO.
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www. guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al., 2018) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al., 2017a,b) . Table 1 shows both metabolic and physiological parameters measured at the end of the treatment period in all animal groups. As expected, blood glucose, glycated haemoglobin and kidney weight/body weight ratio were significantly higher and body weight significantly lower in DM compared to ND mice. Treatment with perindopril, AM6545 or both did not alter these parameters. Changes in body weight over time are reported in the Supporting Information Figure S1 . Systolic BP was in the normal range and did not differ between DM and ND mice, although measurements using a non-invasive tail-cuff method can miss small differences in BP. A significant reduction in systolic BP was observed in mice treated with perindopril, and this effect was not modified by AM6545.
Results
Metabolic and physiological parameters
ECS system and AT 1 receptors
In DM, glomerular immunostaining for CB 1 receptors was enhanced, while staining for CB 2 receptors was unchanged. Consistent with this, diabetes induced a significant increase in glomerular CB 1 receptor mRNA levels without changing the CB 2 receptor expression ( Figure 1A-F) , resulting in a threefold increase in glomerular CB 1 /CB 2 receptor mRNA ratio (Table 2) . Moreover, measurement of both EC and EC-related molecules by mass-spectrometry showed a diabetes-induced reduction in the levels of 2-AG, the predominant CB 2 receptor ligand (Table 2) . Overall, these data indicate a predominant CB 1 receptor-mediated EC tone in experimental DN.
Neither EC (Table 2) nor CB receptor levels ( Figure 1A -F) were changed by any treatment. On the contrary, the rise in AT 1 receptor mRNA and protein expression induced by diabetes was suppressed by all treatments ( Figure 1G-I ), indicating that both RAS and CB 1 receptor blockade can abolish local increased responsiveness to Ang-II.
Albuminuria and renal functional parameters
As shown in Table 3 , prior to treatment levels of albuminuria were significantly greater in DM compared with ND mice, indicating the development of early DN. Animals allocated to the different treatment groups had comparable urinary albumin levels. At the end of the treatment period, DM showed at least a threefold increase in albuminuria compared to controls. Single treatments with either AM6545 or perindopril reduced albuminuria by 50%. In DM under dual therapy, albuminuria was comparable to that in ND animals, indicating a reversal of early DN. In DM, neither glycosuria nor the rise in N-acetyl-β(D)-glucosaminidase (NAG) activity/creatinine ratio was ameliorated by treatment with AM6545, alone or in combination with therapy, suggesting that AM6545 acted predominantly at the glomerular levels (Table 3) . There was only a modest and nonsignificant decline in renal function in vehicle-treated DM, which did not allow this functional parameter to be used to assess efficacy of treatments on.
Effect of treatments on podocytes
Diabetes induced a significant reduction in both nephrin and podocin immunostaining. In keeping with the results on albuminuria, this decrease in both nephrin and podocin was reduced by a single treatment with either AM6545 or perindopril, but only the combined treatment abolished the reduction seen in DM. These semi-quantitative data were confirmed by measuring both nephrin and podocin expression in total renal cortex by real-time PCR and Western blotting (Figure 2A-I) . Podocyte number did not differ among groups as assessed by counting the p57-positive cells ( Figure 2J,K) . Furthermore, diabetes-induced apoptosis was modest and did not vary significantly in treated and untreated animals (ND: 0.27 ± 0.06; DM: 0.75 ± 0.07; DM-AM6545: 0.83 ± 0.06; DM-ACE-I: 0.79 ± 0.05; DM Combo: 0.79 ± 0.06; P = NS podocyte number/glomerular area). Therefore, drugs were likely to act directly on nephrin/podocin expression rather than indirectly through prevention of podocyte apoptosis/loss.
CB 1 receptor and nephrin expression in cultured podocytes
To clarify the mechanism whereby the CB 1 receptor affects nephrin, we tested, in vitro, the hypothesis that CB 1 receptor signalling may interfere with retinoic acid (RA)-induced nephrin expression. As expected, exposure of cultured podocytes to RA induced a twofold increase in nephrin mRNA levels. CB 1 receptor activation with ACEA not only prevented the increase in nephrin in response to RA, but even lowered the nephrin expression below control levels ( Figure 2L ). This suggests that an increased CB 1 receptor-mediated EC tone within the diabetic glomeruli may inhibit the RA-receptor pathway controlling the expression of nephrin.
Renal hypertrophy, mesangial expansion and extracellular matrix components
PAS staining revealed a mild mesangial expansion in DM that was reduced to a similar extent by all treatments. DMinduced overexpression of both collagen type 1 and fibronectin mRNA was reduced by all treatments. Although the effect of dual therapy was slightly greater with a rise in fibronectin AM6545 and perindopril reverse albuminuria in diabetic mice and collagen, which were then no longer significant as compared to controls, the difference between dual and single treatments was modest and not statistically significant. Positive glomerular immunostaining for both fibronectin and collagen was increased by DM and lowered by all treatments, although values returned to control levels only in the combination therapy group (Figure 3 ).
Monocyte/macrophage accumulation
Immunohistochemical staining revealed that the number of monocytes/macrophages infiltrating the glomeruli, assessed by counting the number of both F4/80 and MAC-2 positive cells, was significantly greater in DM compared to ND mice. The combined therapy abolished DM-induced increase in number of accumulated monocytes/macrophages, while the number of infiltrating monocytes/macrophages fell only by half in mice under single treatments and it was still significantly greater than in control animals ( Figure 4A-D) . However, the absolute number of monocytes/macrophages was quite low, and thus, results should be treated with caution. A similar trend was observed in the gene expression of the macrophage marker CD68 ( Figure 4E ) and in both
Figure 1
Effect of treatment with AM6545 and/or perindopril on CB 1 , CB 2 and AT 1 receptors in DM. Control ND and DM were treated with vehicle, AM6545 (AM), perindopril (ACE-I) or AM6545 plus perindopril (Combo) (n = 6 mice per group). Representative immunohistochemistry analysis of CB 1 receptors (A) and CB 2 receptors (D) are shown (original magnification ×400) and quantification of glomerular positive staining reported in the graphs (B-E). CB 1 , CB 2 and AT 1 receptor mRNA levels were measured by real-time PCR on total RNA extracted from the renal cortex. Results were corrected for the expression of the housekeeping gene HPRT and shown in the graphs (C, F, I). Representative immunoblot (G) and densitometry analysis (H) of AT 1 receptor protein expression in total protein extracts from the total renal cortex are shown. Tubulin was used as internal control (*P < 0.05, vs. ND).
mRNA and protein expression of the adhesion molecule ICAM-1 ( Figure 4F ,G). The combined therapy even reduced ICAM-1 protein levels below control values.
As the chemokine MCP-1 plays a key role in glomerular monocyte accumulation, we also assessed the expression of MCP-1 and its cognate receptor CCR2. DM-induced MCP-1 expression was not altered by single treatments, but it was abolished by dual therapy, and MCP-1 protein levels were significantly lower than in control mice. By contrast, DMinduced CCR2 overexpression was attenuated by all therapies (Figure 4H-J) . Therefore, all therapies can normalize responsiveness to MCP-1, but only the combination of both ACE and CB 1 receptor inhibition abolished MCP-1 overexpression, possibly explaining the greater efficacy of dual therapy in lowering the glomerular accumulation of monocytes/macrophages.
M1 and M2 macrophage polarization
Diabetes induced a rise in markers of M1 macrophages (TNF-α, CCL3 and NOS2) that was reduced by single treatments and abolished by dual therapy (Figure 5A-D) . Markers of M2 anti-inflammatory macrophages, CD163 and CD206, were down-regulated by diabetes, normalized by single treatments and significantly increased above control levels by the combined therapy ( Figure 5E, F) . Moreover, perindopril failed to reverse the DM-induced down-regulation of Arg-1, whereas AM6545, either alone or in combination therapy, not only normalized but also up-regulated Arg-1 mRNA levels ( Figure 5G ). Because monocyte/macrophages infiltrating the diabetic glomeruli expressed the CB 1 receptor in vivo, they were potential direct targets of AM6545 (Supporting Information Figure S2A ).
In vitro M2 polarization
To assess the hypothesis that CB 1 receptor activation can directly affect M2 polarization, we performed in vitro experiments with Raw264.7 macrophages expressing both CB receptors (Supporting Information Figure S2B ), and investigated the effect of CB receptor activation on IL-4-induced M2 polarization. The non-selective agonist WIN55,212-2, which activates both CB 1 and CB 2 receptors, markedly reduced the expression of Arg-1 in macrophage exposed to IL-4, indicating that the ECS has an inhibitory effect on M2 macrophage polarization. Moreover, the effect of WIN55,212-2 was abolished by AM6545 and left unchanged 
Figure 2
Effect of treatment with AM6545 and/or perindopril on nephrin and podocin expression and podocyte number in DM. Control ND and DM were treated with vehicle, AM6545 (AM), perindopril (ACE-I) or AM6545 plus perindopril (Combo) (n = 6 mice per group). Both nephrin (A-C) and podocin (D-F) mRNA and protein expression was assessed. Representative immunofluorescence images of nephrin (A) and podocin (D) are shown (original magnification ×400). Quantification of both glomerular staining (B, E) and mRNA levels (C, F) is reported in the graphs. Representative immunoblots (G) and results of densitometry analysis (H, I) of nephrin and podocin protein expression in total protein extracts from the total renal cortex. Tubulin was used as an internal control. Representative immunohistochemistry images (J original magnification ×400) and quantification of glomerular positive staining of p57 (K) are shown (*P < 0.05 vs. ND; # P < 0.05 vs. DM;°P < 0.05 dual treatment vs. single treatment).
(L) Nephrin mRNA levels were measured by real-time PCR on total RNA extracts from podocytes exposed to RA (1 μmol·L À1 )/vehicle for 24 h in the presence and in the absence of ACEA (1 μmol·L À1 ) (*P < 0.05 RA vs. vehicle; § P < 0.05 RA vs. ACEA and RA + ACEA; # P < 0.05 RA + ACEA vs. vehicle).
Figure 3
Effect of AM6545 and/or perindopril on markers of fibrosis in DM. ND and DM were treated with vehicle, AM6545 (AM), perindopril (ACE-I) or AM6545 plus perindopril (Combo) (n = 6 mice per group) for 14 weeks. PAS staining was assessed in renal cortex sections. Representative images (scale bar: 50 μm) and percentage PAS glomerular-positive areas are shown (A, B). Both fibronectin (C) and collagen type I (D) mRNA expression was measured by real-time PCR on total RNA extracted from the renal cortex and results are presented in the graphs. Representative images of glomerular fibronectin protein expression (E), picrosirius red staining (G) and quantitation of glomerular staining are shown (F, H) (*P < 0.05 vs. ND).
Figure 4
Effect of AM6545 and/or perindopril on diabetes-induced inflammation. ND and DM were treated with vehicle, AM6545 (AM), perindopril (ACE-I) or AM6545 plus perindopril (Combo) (n = 6 mice per group) for 14 weeks. Representative images of glomerular F4/80 (A) and MAC-2 (C) positive immunostaining are shown and quantitation reported in the graph (B, D). Total RNA was extracted from the renal cortex and levels of mRNA encoding for CD68 (E), ICAM-1 (F), MCP-1 (H) and CCR2 (J), measured by real-time PCR. Protein levels of ICAM-1 (G) and MCP-1 (I) in renal tissue were determined by ELISA and normalized to total protein (*P < 0.05 vs. ND; # P < 0.05 vs. DM group;°P < 0.05 dual vs. single treatment; § P < 0.05 combo vs. ND).
by the CB 2 receptor antagonist AM630, indicating a specific CB 1 receptor-mediated effect ( Figure 5H ).
Discussion
The present study has provided evidence that in an animal model of type 1 diabetes with early DN, peripheral CB 1 receptor blockade used as add-on treatment to ACE-inhibition can reverse albuminuria, nephrin loss and reduce inflammation. This is the first study to investigate the renal effect of combined inhibition of CB 1 receptors and ACE.
A delayed intervention was chosen to mimic the clinical scenario of introducing therapy in patients with established microalbuminuria. Prior to treatment albuminuria was 1.7-fold higher in DM than in ND mice. Nephropathy progressed over time, and after a further 14 weeks of diabetes, albuminuria was 3.6-fold greater in untreated DM than in controls. Treatment with either AM6545 or perindopril slowed the rate of progression, but albuminuria was still significantly greater than in controls, indicating that delayed treatment is less effective than treatment delivered from the onset of diabetes, reported in previous studies (Trojacanec et al., 2013; Barutta et al., 2017) . On the contrary, in mice under dual therapy
Figure 5
Effect of AM6545 and/or perindopril on macrophage phenotype. ND and DM were treated with vehicle (DM), AM6545 (AM), perindopril (ACE-I) or AM6545 plus perindopril (Combo) (n = 6 mice per group) for 14 weeks. Total RNA was extracted from the renal cortex and levels of mRNA encoding for TNF-α (A), NOS2 (C), CCL3 (D), CD163 (E), CD206 (F), arginase-1 (G), measured by real time-PCR. (B) Levels of TNF-α in kidney tissue were determined by ELISA and normalized to total protein (*P < 0.05 vs. ND; # P < 0.05 vs. DM;°P < 0.05 dual vs. single treatment; § P < 0.05 combo vs. ND). (H) Arginase-1 mRNA levels were measured by real-time PCR on total RNA extracts from RAW 264.7 cells exposed to WIN55,212-2 (1 μmol·L À1 )/vehicle for 18 h in the presence and in the absence of AM6545 (1 μmol·L À1 ) and AM630 (1 μmol·L À1 ), followed by incubation with IL-4 (5 ng·mL À1 ) for 6 h (*P < 0.05 WIN and AM6545 vs. vehicle).
albumin excretion rates were similar to control values, proving reversal of increased glomerular permeability to albumin. Renal function was, however, preserved in this animal model, precluding assessment of treatment efficacy on this factor. Blood glucose and glycated haemoglobin levels were similar in untreated and treated DM, showing dissociation of albuminuria from hyperglycaemia, the former being reversed and the latter remaining unaffected by dual treatment. Although CB 1 receptor blockade has been reported to modestly ameliorate hyperglycaemia in mice with type 1 diabetes by reducing tubular glucose re-adsorption and thus glycosuria (Hinden et al., 2017) , this was not observed in our AM6545-treated mice. Treatment with perindopril significantly lowered BP levels, providing evidence of perindopril efficacy, although angiotensin levels were not directly measured. No changes in BP were observed in AM6545-treated mice, and thus, the anti-proteinuric effect of AM6545 appears independent of BP. This is important in the light of recent results showing that systemic CB 1 receptor blockade can improve both BP and metabolic profile in hypertensive and insulinresistant rats (Schaich et al., 2014) . A previous study has reported reversal of albuminuria in obese and hypertensive Zucker Diabetic Fatty (ZDF) rats treated with JD5037 (Jourdan et al., 2014) . However, the effect of treatment on BP was not assessed, and the BP-lowering properties of JD5037 in this model may have contributed substantially to efficacy.
The anti-albuminuric effect of dual therapy was likely to be due to the rescue of both nephrin and podocin downregulation as no changes in podocyte apoptosis/loss were observed. Both AT 1 and CB 1 receptor activation are known to down-regulate nephrin (Jourdan et al., 2014) , and the two pathways may overlap as AM6545 abolished AT 1 overexpression consistent with previous findings in experimental type 2 diabetes (Jourdan et al., 2014) . However, the greater efficacy of the combined therapy suggests that the mechanisms were partially independent. Both PKC and Akt are involved in Ang-II-mediated nephrin down-regulation. Moreover, Ang-II increases nephrin binding to β-arrestin2, resulting in nephrin endocytosis and loss (Bussolati et al., 2005; Takano et al., 2007; Xiao et al., 2009; Königshausen et al., 2016) . The mechanism of CB 1 receptor-induced nephrin down-regulation is less established, but our in vitro data, showing that ACEA prevents RA-induced nephrin expression, suggest that CB 1 receptors may act via inhibition of the cAMP-RA receptor pathway. In keeping with this, CB 1 receptor activation reduced cAMP levels in cultured podocytes, and a similar mechanism of nephrin down-regulation was described in response to TNF-a (Saito et al., 2010; Jourdan et al., 2014) . This is also of relevance given the growing evidence of a key role of RA in podocytes for both differentiation and regeneration (Lazzeri et al., 2014) .
Changes in renal haemodynamic are unlikely to explain the superior anti-albuminuric effect of the combination therapy as AEA reduces glomerular capillary pressure (GCP) via CB 1 receptors (Koura et al., 2004) , and thus, AM6545 may limit the benefit of lowering GCP through ACE-inhibition. The potential role of the tubuli in the reversal of albuminuria cannot be excluded as CB1R has been implicated in tubular cell apoptosis, trans-differentiation in myofibroblasts (Jenkin et al., 2012; Lecru et al., 2015) , and reduced albumin reuptake through megalin down-regulation (Jourdan et al., 2018) . However, NAG activity, a marker of tubular injury, was not affected by treatments, and the relevance of the tubuli in diabetic albuminuria remains highly controversial (Jarad and Miner, 2009) .
The expression of CB 1 receptors was increased in DM, and this was not altered by any treatments. On the contrary, in a study performed in ZDF rats, CB 1 receptor overexpression was reduced by losartan, supporting a direct link between AT 1 receptor activation and CB 1 receptor expression (Jourdan et al., 2014) . The reason of this discrepancy is unknown; however, the different animal model is a possible explanation. Auto-induction of CB 1 receptors has been consistently demonstrated in models of type 2 diabetes at variance with STZ-induced diabetes, suggesting a different mechanism of CB 1 receptor up-regulation (Nam et al., 2012; Jourdan et al., 2014) . Moreover, obesity and insulin resistance may partially explain the link between RAS activation and CB 1 receptor expression in ZDF rats as increasing evidence suggests an interaction between the ECS and the RAS mediated by the metabolic syndrome.
It has been proposed that enhanced CB 1 receptor expression/signalling in podocytes may represent a final common pathway whereby both hyperglycaemia/DM and Ang-II cause podocyte dysfunction. Our data showing an additive effect of CB 1 receptor and ACE blockade in reversing both the albuminuria and nephrin down-regulation, together with the lack of effect of perindopril on glomerular CB 1 receptor overexpression and renal EC levels, do not support this hypothesis and, instead, provide a rationale for the use of a combined therapy.
Despite a modest glomerular monocyte/macrophage infiltration, a marked rise in inflammatory cytokines was seen in DM, showing that inflammatory/resident cells can trigger cascades amplifying the inflammatory response. Dual therapy performed better than single treatments on inflammation as it abolished both monocyte infiltration and TNF-α overexpression, and it was the only effective treatment in lowering MCP-1. This is of relevance as the chemokine MCP-1 can also induce extracellular matrix production in mesangial cells and nephrin loss in podocytes and MCP-1 deletion ameliorates both proteinuria and glomerulosclerosis in experimental diabetes (Chow et al., 2006; Giunti et al., 2006 Giunti et al., , 2008 Tarabra et al., 2009 ).
There was a shift towards a pro-inflammatory M1 macrophage polarization in DM as demonstrated by the overexpression of M1 and down-regulation of M2 macrophage markers. This was reduced by the monotherapies. Therefore, our data do not confirm that ACE-inhibition may promote a deleterious M1-polarization in experimental DN (Cucak et al. 2015) . The effect of the dual therapy was greater, particularly on M2 markers. The expression of both CD163 and CD206 rose above control levels in mice under dual treatment. Moreover, the expression of Arg-1, a key switch in M2-polarization, was reduced by diabetes, left unchanged by perindopril and upregulated by AM6545, either alone or as a combination therapy. The direct effect of CB 1 receptors on M2 polarization was further confirmed by our experiments on RAW267 macrophages showing that a cannabinoid agonist inhibited IL-4-induced M2 polarization in a CB 1 receptor-dependent manner, while CB 2 receptor blockade was not effective. Moreover, neither CB 2 receptor expression nor 2-AG levels were altered in AM6545-treated mice, making an indirect CB 2 receptor-mediated effect unlikely. This is also in agreement with our previous data showing that treatment with a CB 2 receptor agonist does not alter Arg-1 expression in the renal cortex of DM (Barutta et al., 2017) .
Because enhanced M2 polarization occurred in the presence of a normal number of macrophages, this suggests that dual treatment and in particular AM6545 may affect resident macrophages and induce their re-education towards an M2-phenotype. This is of pathophysiological relevance as M2-macrophages express scavenging receptors and produce various anti-inflammatory mediators that promote the resolution of inflammation and tissue repair (Murray 2017) . A beneficial effect of M2-macrophages has been shown in models of acute kidney injury, although their role in chronic kidney diseases is more uncertain (Guiteras et al. 2016) .
Although a low-grade inflammation is considered important in driving fibrotic processes, glomerular PAS staining was reduced to a similar extent by all treatments. The effect of dual therapy on the expression of ECM was slightly greater than that of single treatments, but differences were modest. Therefore, our data failed to show that dual therapy is superior to standard therapy with an ACE-I in preventing fibrosis. However, studies in animal models more prone to develop glomerulosclerosis are required to specifically address this question.
Our results may be of relevance for DN in humans. The current standard therapy for DN with RAS-blockers is insufficient to completely halt disease progression. The potential benefit of CB 1 receptor antagonists as an add-on therapy was assessed in mice with established albuminuria. Therefore, we used a clinically relevant model, reflecting the current indications for treatment. Our results, showing a superior effect of dual therapy on albuminuria, nephrin loss and inflammation, raise hope that CB 1 receptor blockade may be a valuable therapeutic option as an additional therapy. Although further studies in more advanced DN are required, reversal of albuminuria is by itself clinically relevant as it has been associated with a slower early decline of renal function and better cardiovascular outcomes in clinical studies in humans (Jansson et al., n.d.; Perkins et al., 2007) .
